Abstract Mechanical stress is one of the risk factors believed to influence intervertebral disc degeneration. Animal models have shown that certain regimes of compressive loading can induce a cascade of biological effects that ultimately results in cellular and structural changes in the disc. It has been proposed that both cell-mediated breakdown of collagen and the compromised stability of collagen with loss of anular tension could result in degradation of lamellae in the anulus fibrosus (AF). To determine whether this may be important in the AF, we subjected entire rings of de-cellularized AF tissue to MMP-1 digestion with or without tension. Biomechanical testing found trends of decreasing strength and stiffness when tissues were digested without tension compared with those with tension. To determine the physiologic significance of tissue level tension in the AF, we used an established in vivo murine model to apply a disc compression insult known to cause degeneration. Afterward, that motion segment was placed in fixed-angle bending to impose tissue level tension on part of the AF and compression on the contralateral side. We found that the AF on the convex side of bending retained a healthy lamellar appearance, while the AF on the concave side resembled tissues that had undergone degeneration by loading alone. Varying the time of onset and duration of bending revealed that even a brief duration applied immediately after cessation of compression was beneficial to AF structure on the convex side of bending. Our results suggest that both cell-mediated events and cell-independent mechanisms may contribute to the protective effect of tissue level tension in the AF.
Introduction
Intervertebral disc degeneration is characterized by the gradual breakdown of the disc's tissue architecture [1] , leading to compromised biomechanics of the affected motion segment and, consequently, of the spine [32, 51, 55] . Directly or indirectly, these changes may lead to back pain and secondary complications [1] . While the physical and molecular mechanisms that govern the initiation and progression of disc degeneration are currently not well understood, several interacting risk factors are believed to be involved.
Among these risk factors, mechanical stress has been demonstrated to play a significant role in governing disc health. In rodent tail disc loading models, structural changes in the extracellular matrix (ECM) occur in response to static or cyclic compression [7, 20, 53] , resulting in altered disc biomechanics [7, 15, 20, 37] . The observation that static bending of healthy discs was found to produce adverse effects only on the concave (compressive) side of bending [9] indicates that these changes are closely linked to tissue deformations. Conversely, dynamically applied tension has been found to reverse the effects of compression-induced changes in rabbit anulus fibrosus (AF) [18] .
Such animal studies have also provided insight into specific cellular and cell-mediated changes induced by loading. In mice, supraphysiologic static compression induces apoptosis [20] , the degree of which is quantitatively related to the dose and duration of load [19] . At the same time, regional specificity in expression of ECM proteins is lost [20] , and catabolic processes are elevated [14, 38] . Such changes are likely responsible for degenerate disc morphology, such as the breakdown of the anular lamellar structure. As expected, certain frequency-magnitude combinations of cyclic loading attenuated adverse responses brought about by static compression, but discs still lacked proper spatial patterns in gene expression [53] . In rats, a comprehensive set of studies that recently examined the transient changes in gene expression during cyclic compression paralleled these observations [22] [23] [24] . Notably, long periods of continuous loading upregulated genes encoding both anabolic and catabolic molecules indiscriminately in both nucleus pulposus (NP) and AF.
The consequences of these changes remain unclear, as matrix deposition and cleavage depend on several other regulatory steps. For example, translated and secreted proteins must be properly incorporated into the existing matrix; the presence of certain molecules for bridging collagen is often required [6] , and excessive enzymatic glycosylation of secreted proteins and existing matrix can also affect deposition [10] . In terms of matrix breakdown, catalytic cleavage of the metalloproteinase pro-domain (both MMPs and ADAMs) is required to transform the inactive latent form to an active zymogen [31] . Inhibitory proteins such as tissue inhibitors of metalloproteinase (TIMPs) present in the matrix or produced by cells further complicate the modulation of metalloproteinase activity by binding to their active sites [5] . Recent findings have additionally suggested that tension, itself, enhances the stability of other collagenous tissues against enzymatic cleavage [30, 43] . However, it is not known whether tension would have a similar effect in the AF.
To address this question, we conducted a two part study. The first sought to determine whether tissue level AF tension could reduce the effects of MMP digestion in vitro. We hypothesized that, consistent with other tissues, tension would mitigate MMP-mediated changes in AF material properties. The second part of the study examined the potential physiologic impact of tension by placing discs in bending after an adverse loading event in vivo, such that the AF on one side of the disc receives tensional loading. Since various groups have proposed that degeneration may be precipitated by loss of tension in anular lamellae, we hypothesized that applying tension to part of the AF would help preserve the tissue architecture. Following an initial trial to demonstrate the efficacy of tension, the bulk of the study focused on comparing the timing and amount of tension to gain an understanding of potential mechanisms involved. Motion segment bending was employed to place a portion of the AF in tension, since that is a physiologically relevant motion. The transient involvement of MMPs during loading led us to hypothesize that tissue level tension would have a protective effect only if applied soon after loading. Overall, results of our study provide evidence that enzymatic digestion of the AF is less effective when the tissue is loaded in tension, and that immediate application of bending is able to preserve AF architecture in the face of adverse biological and biochemical environments.
Materials and methods

MMP-1 digestion of slack and tension-loaded discs
Five 12-week-old male Swiss-Webster mice were obtained and sacrificed by CO 2 asphyxiation followed by cervical dislocation, as approved by the Committee on Animal Research (CAR) at the University of California, San Francisco (UCSF). Three motion segments from each tail were isolated. A pin whose diameter is smaller than that of the NP was used to drill a small hole through the center of the motion segment to denucleate the disc and facilitate diffusion into the inner anulus. Using other test specimens, we examined Safranin-O stained paraffin sections to confirm that this procedure maintained the integrity of the AF (not shown).
Immediately after denucleation, motion segments were subjected to four cycles of flash freezing on dry ice and thawing in PBS to de-cellularize specimens. Perpendicular pairs of stainless steel pins were then inserted transversely through the diameters of vertebral bodies, the skin of the tail removed, tendons carefully cut circumferentially superior to the disc, and specimens frozen once more. Motion segments were then thawed in PBS and randomly assigned to one of three groups.
-Untreated discs were tested immediately after thawing (n = 5). -Tension-loaded motion segments were placed in a miniature Ilizarov-type apparatus by means of the perpendicular pins to distract the disc to approximately 33% strain as assessed by radiographs (n = 5). -Slack discs were placed in similar apparatuses with no tension applied (n = 5).
Loaded and slack specimens were immersed in a common bath of DMEM containing 100 ng/ml human MMP-1 (Sigma-Aldrich, St Louis, MO, USA). Specimens were divided into two separate trials, due to volume constraints to achieve desired MMP concentrations. The bath was placed in a vacuum chamber for 5 min to remove air bubbles, and then incubated at 37 C for 24 h.
Biomechanical testing
Following incubation in MMP-1 solution, all specimens were placed in a bath containing 10 mM EDTA and other non-specific protease inhibitors to terminate digestion. Vertebral bodies including pins were potted in dental cement and mounted onto a materials testing system (MTS Systems Corp., Eden Prarie, MN, USA). Three preconditioning cycles were performed prior to each tensile load-to-failure test (all at slow strain rates of 0.003 mm/s). Ultimate tensile force (UTF) and stiffness were measured.
Surgical procedures
Twenty-five 12-week-old Swiss-Webster mice were obtained and subjected to surgical procedures approved by CAR at UCSF in order to initiate degeneration in caudal discs as described previously [14] . Briefly, mice were anesthetized with a cocktail of ketamine (120 mg/kg mouse) and xylazine (10 mg/kg mouse), and pairs of stainless steel pins were percutaneously inserted cross-wise in the mediallateral and dorsal-ventral directions through the 9th and 10th caudal vertebrae to ensure uniform compressive loading. A static compressive stress of approximately 1.3 MPa was applied to the intervening disc continuously for 7 days by four pre-calibrated elastic bands placed across pins in the adjacent vertebrae (Fig. 1a) . This loading protocol was selected based on its consistency for inducing degenerative changes in the disc as assessed 3 weeks after removal of compression [20] . Such changes include extensive nuclear cell death and disorganization of the AF and are highly reproducible. We used an adjacent disc as sham control by inserting a third pair of pins through the 8th caudal vertebra. Buprenorphine (0.1 mg/kg) was administered for analgesia.
Experimental groups
In a first set of experiments, four mice were used to determine whether bending would have any effect over the usual 3-week assessment after 7 days of 1.3 MPa loading [20] . Following compression, mice were anesthetized and elastics were removed. Loaded motion segments for three mice were placed in fixed-angle bending of 25 in dorsal rotation. The remaining mouse served as a positive control where the disc was allowed to recover without bending. Only one control specimen was included because this was only to confirm the same changes in disc morphology that had previously been characterized extensively [20] . In all tails, adjacent sham control discs remained unmanipulated. To apply fixed-angle bending, spacers were first placed on the lateral aspects to hold pins at their original distance. Hypodermic tubing was bent to a specific angle and then crimped over the two adjacent pins on the dorsal aspect of the tail, with the spacers acting as a fulcrum (Fig. 1b) . It was noted that angular fixation was robust, and normal mouse activity would likely not perturb bending angle. No direct measurements were made, but there was no observable change of the applied angle during or after the experiment.
Because of the dramatic results we observed initially, a second, more comprehensive, experiment was performed. The remaining 21 mice were used to investigate the timing of bending application, since we have found load-induced increases in MMP-2 activation to be transient [14] . After all mice were subjected to 7 days 1.3 MPa static compression, they were divided into six experimental groups defined according to treatment after loading. All postcompression treatments spanned a 6-week duration to allow protocols that include both three total weeks of recovery and three total weeks of bending:
-Group 1-6 weeks recovery (n = 3) -Group 2-3 weeks recovery followed by 3 weeks bending (n = 3) -Group 3-1-week recovery, 3 weeks bending, then recovery for the final 2 weeks (n = 3) -Group 4-1-week bending followed by 5 weeks recovery (n = 4) -Group 5-3 weeks bending followed by 3 weeks recovery (n = 4) -Group 6-3 weeks of low angle bending followed by 3 weeks recovery (n = 4)
Bending angles of 23.2 ± 1.8°and 15.3 ± 1.1°were imposed for high and low angle bending, respectively, using the method described above. For recovery periods before and after bending, all elastics, spacers, and bending instrumentation were removed. Two mice, one from Group 1 and one from Group 2, died during the 6-week long experiment and were excluded. Although this resulted in specimen numbers that are not optimal, this was counterbalanced by the dramatic differences in observed disc morphologies among groups. At the time points of interest, mice were sacrificed by CO 2 asphyxiation followed by cervical dislocation. Sham and experimental motion segments were excised from the tail and the side of the disc in tension marked with tissue marking dye.
Qualitative measures of disc morphology-histology and polarized light microscopy Biomechanically tested and in vivo loaded tissues were fixed overnight in 10% phosphate buffered formalin, decalcified in a 9% (w/v) EDTA 2Na, 10% (w/v) EDTA 4Na solution for at least 1 week, and processed in graded ethanol, xylene, and paraffin infiltrations sequentially. Paraffin-embedded samples were cut sagittally into 6 lm sections. Sections near the mid-sagittal plane were used for all analyses. For histology, sections were stained using Safranin-O/Fast-green and hematoxylin, then imaged with an Olympus IX-81 inverted microscope (Olympus America Inc., Center Valley, PA, USA) with CCD camera under brightfield for histology and polarized light for collagen birefringence.
Quantitative measures of disc morphology-second harmonic generation imaging Some deparaffinized unstained mid-sagittal sections obtained from the same tissue specimens used for histology were set aside for polarization-modulated second harmonic generation imaging (PM-SHGI) [48, 49] . This procedure has been recently applied to study intervertebral disc structure. Detailed information on instrumentation used to perform the imaging can be found in Reiser et al. [41] . The data were then subjected to a signal processing algorithm performed in Matlab (Mathworks, IL, USA) to yield information about both the magnitude and the pattern of disorder in the tissue as described previously [48, 49] . A single disorder index (DI) was computed using the following equation, detailed by Reiser et al. [40] and averaged across the inner and middle portions of the AF among specimens:
where NI is total number of nonparallel neighbors, excluding those that are part of a boundary, h is the angle of the index pixel expressed in radians, h i is the angle of the ith nearest neighbor pixel in radians, i is the ith neighboring pixel in the 3 9 3 neighborhood and n is the number of nonexcluded nearest neighbors.
For these analyses, we excluded the nucleus and the outer one-third of the anulus, which did not possess observable degradative changes for any discs subjected to load-induced degeneration.
Statistical analyses
Statistical analyses were performed to compare biomechanical testing measurements. One-way analysis of variance (ANOVA) was performed with Tukey's HSD post hoc tests using SPSS (v14.0, SPSS, Inc., Chicago, IL, USA) with critical significance values of a = 0.05.
Results
Effects of tension on AF material properties after MMP-1 digestion
Mechanical testing of loaded and slack anular ring specimens incubated in human MMP-1 suggest that tissue level tension inhibits changes in material properties of the AF brought about by enzymatic digestion. We observed a trend in which control motion segments possessed the greatest UTF and stiffness followed by loaded specimens and then slack specimens incubated in MMP-1 (Fig. 2) . The differences were, however, not statistically significant (P \ 0.1).
Anular tension inhibits degenerative changes after mechanical overload in vivo
The first set of experiments demonstrated that placing discs in bending for 3 weeks protected the AF from the degenerative changes observed in discs after injurious compression. As described in previous studies [20] , the control disc-static compression followed by 3 weeks of unloaded recovery-possessed severe disorganization of anular lamellae (Fig. 3a) . Under polarized light, these sections demonstrated a qualitative loss of collagen birefringence, notably in the inner anulus (Fig. 3b) . For all mice used in this study, adjacent sham controls possessed healthy disc architectures, cell morphologies, and cell populations (not shown). For discs placed in bending, the AF on the concave side of bending possessed a similar appearance with that in loaded-recovery discs both under brightfield (Fig. 3c ) and polarized light microscopy (Fig. 3d) . In contrast, the lamellae on the convex side of bending appeared intact (Fig. 3e, f) .
Immediate application of tension maximizes protection from degradation
The second set of experiments examined the role of timing and duration of bending, and determined that tension allows the AF to circumvent the degradative process, not simply delay it. For Group 1 specimens disc morphology at 6 weeks recovery was not appreciably worse under brightfield or polarized light microscopy compared with 3-week recovery specimens (not shown). In line with the first experiment, the AF on the concave side of bending in all Groups 2-6 specimens appeared similar to Group 1 discs. In discs that were first allowed to recover for 3 weeks (Group 2; Fig. 4a, b ) or 1 week (Group 3; Fig. 4c, d ) the AF on the convex side of bending did not exhibit improvement, demonstrating that anular lamellar architecture was not restored simply by placing discs in bending after degenerative changes.
Discs that were placed under immediate bending, however, did exhibit striking differences in the anulus. Under brightfield microscopy, anular lamellae are clearly evident on the convex side of bending in Groups 4 and 5; this was confirmed in polarized light micrographs, with 3-week bending discs (Fig. 5c, d ) exhibiting somewhat more defined architectural characteristics and collagen birefringence than 1-week bending discs (Fig. 5a, b) . Group 6 specimens, which were subjected to low levels of bending did not exhibit the same extent of protection from anular degradation (not shown). By comparing Group 5 with the first set of experiments, we can see that no marked changes occurred within those final 3 weeks (Fig. 6) . These images also demonstrate the dramatic and consistent preservation of lamellar architecture.
To corroborate our histologic/collagen birefringence findings, discs subjected to (a) sham operated procedures, (b) recovery only, and (c) 3-week bending-recovery were analyzed using PM-SHGI (Table 1) . Disorder indices obtained for the anulus regions of these discs were 11.64 for the sham discs and 70.11 for recovery only discs. For discs subjected to 3 weeks of bending then 3 weeks of recovery, DI values were 15.00 on the convex side of bending and 31.91 on the concave side. This indicates that collagen organization on the convex side of bending resembled the annulus in sham discs, while collagen on the concave side of bending resembled the annulus in discs that were allowed recovery only.
Discussion
This study provides evidence that maintaining tension in the AF in vivo protects it from degradative processes initiated by supraphysiologic compression. In addition, the observed trends suggest that the ability for MMP-1 to alter biomechanical function is reduced with tension applied to anular rings. These findings are especially relevant given that increased levels of various degradative enzymes, including MMPs and cathepsins, have been shown to be associated with degenerate discs in humans [3, 11, 12, 17, 42, 54] . Several animal models of experimentally induced In contrast, the AF on the convex side of bending possessed organized lamellae similar to that of healthy AF, as indicated by the strong birefringence of collagen (f) Fig. 4 Effects of varying the amount of time before initiation of bending during a 6-week period after loading. The protective effects found in the anulus on the convex side of bending were not observed when discs were subjected to unloaded recovery for 3 weeks (a, b) or 1 week (c, d) before being subjected to 3 weeks of bending. Safranin-O/Fast-green stained sections viewed under both brightfield microscopy (a, c) and polarized light microscopy (b, d) showed a lamellar outer annulus and a clearly disorganized inner anulus disc degeneration-either through mechanical loading [13, 14, 23, 24, 34, 38] or anular stab/incision [2, 45] -have likewise observed increases in activation and/or expression of MMPs shortly after the initiating event. While our study does not characterize modulation of MMP activation or secretion of TIMPs and serine proteinase inhibitors, it appears that bending may impart some benefit to the AF on the convex aspect. Our biomechanical testing results exhibited trends that are consistent with those reported in other collagenous tissues. Specifically, Nabeshima and colleagues found that rabbit tendons exhibited a significant decrease in tensile stiffness when incubated slack in bacterial collagenase for 20 h, whereas contralateral tendons placed under a static 4% strain were unaffected [30] . More recently, Ruberti and Hallab demonstrated that loading corneal tissues uniaxially along the direction of one population of collagen fibers resulted in efficient digestion of collagen fibers oriented perpendicular to the load, but not those in the direction of load [43] . While we found that slack anular rings possessed lower stiffness and UTF than those under tension during MMP-1 treatment, these trends were not statistically significant. This is likely due in part to our low sample numbers and in part to the low concentration of human MMP-1 relative to the aforementioned studies. The 100-ng/ml concentration used in our experiments are much lower than bacterial collagenase concentrations previously used: 20-60 lg/ml [30] and 6.8-12.5 mg/ml [43] (estimated based on their manufacturer's current specifications). Our previous study on quantification of MMP-2 in murine disc tissues found levels on the order of 0.5 ng/ml per mg of tissue [14] .
Although there have been no previous reports on the role of tension in maintaining resistance to enzymatic digestion in the intervertebral disc, a recent study discovered that once residual stress in the anulus is eliminated by tissue excision from vertebral attachments, thermal denaturation occurs much more quickly in vitro [4] due to the increase in Gibbs free energy required to denature collagen [27] . This same increase in collagen thermal stability has a concurrently beneficial effect on enzyme resistance as well [28] , suggesting that tension is likely the mechanism whereby anular architecture is preserved after supraphysiologic loading.
Loss of tension in the anulus and a concommitant vulnerability to matrix degradation could be important in the etiology of disc degeneration. Prolonged disc compression has been implicated in reducing anular tension within minutes of creep compression, as predicted by finite element models [20] . Decreased anular tension could also result from removal or degradation of the NP. Loss of proteoglycans from the nucleus by experimental chondroitinase ABC treatment in vivo results directly in decreased intradiscal pressure [35, 44] . This reduces not only the Fig. 5 Effects of varying the bending duration immediately after cessation of load, and then allowing discs to recover unloaded for the remaining 6 weeks. Safranin-O/Fast-green stained sections of 1 week bending (a, b) and 3 week bending (c, d) specimens revealed organized lamellae in both groups. This was evident under brightfield microscopy (a, c) and accentuated when viewed under polarized light microscopy (b, d). Results show that immediate tension was beneficial for preserving architecture throughout the anulus, with slightly superior results for 3 week specimens pressurization generated during loading, but also swelling pressure of the disc at rest, both of which would adversely affect anular tension. Partial or complete discectomy also prevents the nucleus from pressurizing, resulting in inward anular bulging and radial separation of lamellae [25, 26] . These experimental models could explain how enhanced proteoglycan degradation that occurs with aging and disc degeneration grade could consequently affect anular health [16, 21, 39, 50, 52] . Simultaneous loss of anular tension with increased MMP activity/expression, both of which are found in supraphysiologic compression and stab/incision animal models point to the possibility that both phenomena are required for producing the degenerative characteristics of the anulus. Our findings that bending after an injurious supraphysiologic load inhibits lamellar disorganization in AF on the convex side supports this notion.
The study design allowed us to investigate the role of timing and duration of anular tension on the degree of protection imparted. Notably, results underscored the importance of an initiating event followed by a progression of events; anulus tissues that were placed in tension soon after the mechanical insult were preserved, but those subjected to delayed tension were not. In addition, the adverse biochemical environment that is generated from long-term supraphysiologic compression appears to have a lengthy but limited duration, as discs subjected to 1 week of immediate bending were somewhat spared of degradation, but those with 3 weeks of immediate bending were fully preserved. These results also demonstrate that histologic and polarized light micrograph appearance were not skewed by the state of the tissue at the time of sectioning. Tissues that recovered for 3 weeks, then placed in bending for 3 weeks did not possess organized lamellae.
One limitation of this study is the small sample numbers that were used, making it difficult to identify conclusively the mechanisms underlying our observations. Because Fig. 6 Comparison of discs assessed immediately after loading and 3 weeks of bending (a-c) with those assessed after loading, 3 weeks of bending, and 3 weeks of recover (d-f). For all images, the convex side of bending (tissue level tension) is on the right; the concave side of bending (tissue level compression) is on the left. Preservation of anular lamellar structure is clearly evident in all specimens and suggests that no further degenerative changes occurred after the initial 3 weeks of bending during the recovery period A sample number calculation indicated that 20 specimens/group were needed to achieve desired statistical power of 0.90. Because we were using a commercial source human MMP-1, the number of trials to achieve this sample number was cost prohibitive. In terms of in vivo studies, most of the assessments were qualitative, but the dramatic visual results observed for the preservation of anular architecture was such that sacrificing more animals did not seem warranted. Two additional limitations preclude direct relationships from being drawn between our murine tail disc model and human motion segments. The first is the unphysiologic bending durations that were applied to these motion segments. These durations are clearly longer than could be practically applied but, because of the severity in the biochemical environment generated by static supraphysiologic compression, may be necessary in this animal model to provide the necessary protection to the anulus. A second limitation is that the magnitudes of bending used in our study are greater than those typically experienced in human motion segments. Whereas respective low and high bending angles of 15.3°and 23.2°were used in this current study, various in vivo studies in humans have found that the segmental range of motion across the cervical spine to be only approximately 8°for each direction in flexionextension, and approximately 6°for each side in lateral bending [29, 36, 47] . However, the murine caudal motion segment is also more flexible than that of the human spine. The neutral zone of the former is approximately 26°in one direction [9] , while that of human lumbar motion segments has been measured to range from 3.2 to 4.6° [46] . In order to translate our findings to human discs, it is likely more appropriate to utilize some direct measure of AF tissue strain rather than on motion segment bending angle, which relies more on geometric differences [33] of the disc and its supporting soft tissues. Such measures are further complicated by the microstructural and interlamellar nonuniformities [8] in tissue deformation.
Conclusions
Evidence from this study supports the argument that tension on the tissue level-imposed by motion segment bending-can have a beneficial effect against degradative changes in the AF. Although our in vitro results exhibit trends of an impaired ability for MMP to digest anulus tissue under tension, this is likely only one contribution to the observed preservation of the anulus during bending in vivo. Since the disc is not likely to experience as hostile a degenerative stimulus as we have used, the drastic bending configurations examined here are probably not necessary under normal circumstances. How these findings can be translated into a potentially preventative measure against degradative processes in intervertebral discs of humans require further, more extensive, studies.
